Kimberlite is the host rock of diamonds and varies widely in geological, and mineralogical features as well as colour, processing capability and dewatering characteristics. This study investigated the dewatering behaviour of problematic Angolan kimberlites. The presence of clay minerals in kimberlite causes difficulties in dewatering due to high flocculant demand, poor supernatant clarity and low settling rates. Identifying critical parameters governing the settling behaviour will assist in managing the settling behaviour of different kimberlite slurries. The influence of particle size, pH of the kimberlite slurry, cation exchange capacity, exchangeable sodium percentage and smectite content of the kimberlite on the settling rate were investigated for 18 different African kimberlite samples. The settling rate and slurry bed compaction during natural settling were also measured for the kimberlite slurries. Seventeen different Angolan clay-rich kimberlites and one South African clay-rich kimberlite were tested and, except for two kimberlites, colloidal stability was experienced during natural settling. The pH values of the kimberlite slurries ranged between 9 -11, which is similar to the pH band where colloidal stability was found during earlier research.
Introduction
Kimberlite is the host rock from which diamonds are mined. There are to date up to 4 000 different kimberlites and lamproites intrusions identified and more are identified each year due to the systematic exploration programme carried out by the various diamond exploration companies. Various attempts have been made to classify kimberlites according to the different mineralogical compositions. Mitchell (1986) classifies three groups of kimberlites according to the amount of olivine, phlogopite and calcite, kimberlite (equivalent to basaltic kimberlite), micaceous kimberlite (equivalent to lamprophyric kimberlite), and calcite or calcareous kimberlite. Skinner and Clement (1979) classify kimberlites into five groups according to the predominance of diopside, monticellite, phlogopite, calcite and serpentine present. Serpentine is formed over centuries during the alteration process of olivine and is one of the main minerals in blue ground. Blue ground is unweathered kimberlite found deeper in the volcanic pipe. Serpentine can account for 20-50% of the groundmass in the mineral and chemically breaks down into the clay minerals of smectite, vermiculite, calcite, chlorite and talc during the weathering process (Hopwood et al, 1975) .
The presence of clay minerals in the kimberlite ore can cause difficulty in dewatering due to high flocculant demand, poor supernatant clarity and low settling rates (e.g. < 0.1 m/h) (McFarlane et al, 2005b) . The slurry stream can be divided into two fragments, namely grits and slimes. Grits are defined as the larger particles, 75 µm -1.0 mm, and slimes are particles smaller than 75µm. Grits settle out quickly due to gravitational forces dominating, while the slimes are mostly stable in suspension. Slimes can further be divided into particles that are large enough to settle out given enough time, and the colloidal stable particles. The colloidal stable slimes fraction is predominantly clay minerals and is responsible for most of the settling problems in the diamond industry. O' Gorman and Kitchener (1972) note that these slime particles do not adhere, but rather collide with one another, resulting in a vigorous Brownian motion where particles stay separate in suspension. The word clay is used synonymously with very fine material and often clays are defined as the -45 µm material (Klein & Hurlbut, 1993) . From first principles the settling velocity of small spheres in a fluid, whether it is air or water, is described by Stokes law where: ω = settling velocity (m/s), ρ p = particle density, ρ f = fluid density, g = gravity (m/s 2 ), r = radius of the particle (m), µ = dynamic viscosity of fluid
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The expectation is that the smaller the average particle size, the lower the settling velocity of the particles and the more difficult it is to settle the slurry. Identifying critical parameters that can predict the settling behaviour of African kimberlite slurries will assist the process engineer to predict the settling behaviour of different kimberlite slurries.
Identifying the kimberlites that will most likely not settle with normal flocculant dosage rates is especially useful. Operations have identified that more weathered material tends to increase problems in settling. Whether it is due to the fine size or mineralogical features is not clear (Vietti & Dunn, 2003) .
The processing plants of the diamond industry tend to be water intensive and require efficient dewatering for reuse of water and for sustainable environmental disposal.
Often diamond processing plants have difficulty with dewatering. This project ultimately aims to improve dewatering of kimberlite slimes by identifying the critical parameters that influence settling and dewatering behaviour. The settling behaviour is usually predicted by the particle size of the fine material. However, utilising only particle size is in most cases unsuccessful in predicting settling behaviour. One area that has been identified as a major contributor to settling is the mineralogical feature of the kimberlite and research has shown that different types of clay minerals tend to behave differently during settling (Bland & Rolls, 1998 ).
The settling of clay dispersions is dependent on the chemical interactions of the particle with the solution, as well as other particles in solution. The main chemical parameters influencing the settling of the clay particles are the diffuse double layer or zeta potential (ζ) surrounding the clay particles, the pH of the solution and the cation exchange between the clay particles and the solution.
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The zeta potential (ζ)is defined as the electrical potential at the plane of shear of the diffuse electric double layer and is the only experimentally possible measurement of particle charge. The zeta potential is dependent on the surface charge of the particles and on the concentration and charge of the counter-ions in solution, according to Wills (1997) .
Derjaguin and Landau (1941) and Verwey and Overbeek (1948) used the double layer compression concept to develop the DLVO theory for particle-particle interaction. This theory states that when two particles in solution move closer to one another, the electric double layers will overlap and the residual attraction energy can be predicted by adding the double layer repulsion and van der Waal's attractive energies. In a solution with high ionic strength, the electric double layer will be compressed, resulting in a lowering of the strength of the repulsive forces surrounding the clay particles. This allows particle interaction to occur, which leads to more effective dewatering.
The clay mineral surface charge account for almost 80% of the exchangeable cation capacity, while the remainder is attributed to the clay particle edges, according to Vietti (2004) . Under aqueous conditions, the hydroxyl (OH-) groups will attach to the exposed silicon tetrahedral and metal ion octahedral atoms at the clay edges, as indicated by Svarovsky (1981) . An increase in pH deprotonate the OH-groups until an edge neutrality is reached. This pH is defined as the point of zero charge (ZPC), as seen in Figure 1 . A further increase in pH results in the clay edges to be dominated by an overall negative charge because of the deprotonation of the OH-groups, which result in colloidal stability of the clay particles.
6
Figure 1: pH dependence of the surface electrical charge of 2:1 clays according to Vietti (2004) Settling difficulties are associated with repulsive forces surrounding the colloidal particles at low ionic concentrations. As the ionic concentration increases, the electric double layer surrounding particles contracts and the particles can interact with one another.
The ionic concentration at which particles start to attract one another is defined as the critical coagulation concentration (CCC).
The pH of the dispersion plays an important role, as it dictates which hydrolysed cation species was adsorbed, while agitation could improve the settling by allowing more 
Kimberlite clay characteristics
Clay minerals are categorised as swelling, smectite and vermiculite, and non Clay particles are known for cation exchanges that take place to balance out the overall negative charge on the particle edges. The cation exchange capacity (CEC) of an ore is its ability to adsorb cations and is measured as the number of centimoles (cMol) of cations replaced per kilogram of ore treated, as described by Bland and Rolls (1998 In agriculture, the exchangeable sodium potential (ESP) of an ore is used to determine whether the groundwater will become alkaline and result in settling difficulties for clay particles. ESP is the percentage that sodium ions contribute to the overall cation exchange capacity of an ore.
Vietti (2004) shows that kimberlite clay slurries, which have a pH value of between 9 and 11 and have an ESP of more than 15%, will experience a rapid increase in the slimes colloidal stability. This model is shown in Figure 2 . This stability of the colloidal particles can be ascribed to the reduction of the divalent cation constituent in the process water and an increase in the Na + concentration, possibly due to cation exchange taking place in the kimberlite slime particles. Kimberlitic Clay Slurries (Vietti, 2004) This project investigated if the ESP and pH of the slurry are the only critical parameters in predicting the natural settling behaviour for these Angolan kimberlites and whether it could be expanded to flocculant settling as well.
Experimental

Material
Seventeen samples were received from twelve different kimberlite pipes situated in three different kimberlite pipe clusters in Angola, namely Alto Cuilo, Itengo and Tchegi, and compared with a known colloidal stable South African kimberlite, Venetia Red. X-ray diffraction (XRD) analysis was done on the kimberlite samples to determine the mineralogy with specific interest in the percentage smectite contained in each kimberlite. The cation exchange capacity (CEC) for every sample was determined through the ammonium acetate method for soil analyses and is expressed as centimol (+) per kilogram of ore (Chapman, 1965 ). The exchangeable sodium percentage for each sample was calculated from the results of the cation exchange capacity.
The influence of clay particles on the settling characteristics of kimberlite slimes was tested by milling the drill core samples down to -75 µm, whereafter the slimes were made up to a 10% slurry by mass. The use of drill core samples instead of thickener samples required that the relevance of the data was based on a crushed drill core sample having the same clay mineral composition as the kimberlite ore body at the same depth.
The milled drill core sample was magnetically stirred in distilled water for 15 minutes at 3 for the kimberlite samples was used to calculate the sediment bed depth.
Particle size
Particle size is usually regarded as the most important variable in particle settling, where especially fine particles will cause very slow settling or colloidally stable suspensions. The most colloidally stable and hence most difficult size ranges to settle in slurries are typically below 75 µm (Vietti, 2004) . The clay minerals are usually concentrated in this size fraction.
Particle size was determined by the low angle laser light scattering (LALLS) analysis that is utilised by the Malvern Mastersizer 2000. The light diffraction of the particle passing through the laser beam is inversely proportional to the particle size.
Natural settling
For natural settling investigations, 50g of kimberlite were added to a 450 ml of distilled water and stirred with a magnetic stirrer at a 1000 rpm for 15 minutes. The kimberlite dispersion was left to stand for 15 minutes. For each test 500 cm 3 of the kimberlite dispersion was used. The measuring cylinder was inverted three times to ensure a wellmixed dispersion. The initial settling rates were determined by tracking the "mud-line"
(solid-liquid interface) in a 500 cm 3 measuring cylinder and measuring the distance covered in 30 seconds. The sediment bed depth for each sample was recorded by measuring the volume in millilitre (ml) of the consolidated sediment bed after 24 hours.
Flocculant settling
Anionic polydiallyldimethyl-ammonium (PAM) was tested, as this is the most commonly 
Regression modelling
An online software package, Business Spreadsheets' Multiple Regression Analysis and Forecasting, was used for regression modelling of the flocculant-assisted settling of the 13 kimberlite slurries. No regression modelling was possible with regard to natural settling, as settling did not take place. Smectite percentage, cation exchange capacity (CEC), exchangeable sodium percentage (ESP), particle size and pH of the kimberlite slurries were used as independent variables, while the flocculant settling rate and sediment bed depth of the kimberlite slurries were used as dependent variables. For representation of the particle size, two data points from the particle size distribution were utilised, representing the fine material and the coarser material. These two data points were taken at 7.5 µm and 75 µm. 3
Results and discussion
Mineral composition
The XRD analyses were done to determine the percentage of smectite for each kimberlite, to investigate the influence of these swelling clay minerals on the settling behaviour of the kimberlite dispersions as well as the resultant sediment bed compaction. 
Particle size
Settling behaviour is usually predicted from a theoretical point of view by the particle size distribution and Stokes law for single particles. It is usually assumed that a finer particle size distribution of the kimberlite slurry will be more difficult to settle. 15 Figure 3 shows the particle size analyses of the Alto Cuilo samples. Sample particles size distributions range between 20% and 40% passing 7.5 µm, and 60% and 80% passing 75 µm. This could be indicative of harder kimberlite mineralogy. A coarser size range in a sample could lead to a higher settling rate due to an increased influence of gravity on the settling of the particles in the kimberlite slurries. kimberlites experienced colloidal stability.
pH of the kimberlite slurry solutions
The pH value of all the kimberlite slurries tested was within the colloidal stable range of between 9 and 11, regardless of the amount of smectite a kimberlite contained, as shown in 15% from a kimberlite before colloidal stability will be experienced. This data does not comply with the model that Vietti (2004) proposed, where the kimberlite slimes have a colloidal stability if the exchangeable sodium percentage is higher than 15%. Colloidal stability was experienced even at exchangeable sodium percentages as low as 0.7%. There could still be another parameter that could be used to predict colloidal stability of a kimberlite slurry if the pH of the slurry is between 9 and 11. 
Cation exchange capacity
The cation exchange capacity of each kimberlite is plotted against the pH value of the slurry, as shown in Figure 8 . The two kimberlites that did show colloidal instability are indicated by the two dots encircled, while all the other kimberlites experienced colloidal stability. The data on this graph allows for differentiation between colloidal stability and colloidal instability kimberlites. It could be more accurate to use the cation exchange capacity of the kimberlite along with the pH to predict colloidal stability.
A line is drawn in on the graph proposing that colloidal stability could be experienced when the cation exchange capacity of a kimberlite is more than 10cmol/kg and the pH value of the slurry range between 9 and 11. 
Flocculant settling
The settling rates and sediment bed weight percentages for the anionic settling of the different kimberlites are shown in Figure 9 and Figure 
Regression modelling
Regression modelling was done to identify if there are any critical parameters that can predict the settling characteristics of African kimberlites with the aid of flocculants. The particle size and the pH of the slurry were identified as significant parameters in predicting flocculant-assisted settling with an adjusted R 2 of 0.78 for the settling rate as shown in Table 2 , and an adjusted R 2 of 0.81 for the sediment bed depth as indicated in Table 3 . The regression fit equation for settling rate is given by:
The regression fit equation for the sediment bed depth is given by:
(+/-0.055)
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